A survey of 272 free-living rhizobia strains showed that a majority of the Rhizobium japonicum and unclassified Rhizobium isolates are capable of both growth and acetylene reduction on a Casamino Acids-minimal medium. Two other taxonomic categories of Rhizobium were discernible: R. meliloti and R. trifolii, which grow but do not reduce acetylene; and R. leguminosarum, which fails to grow on the minimal medium. Sixty-nine strains were acetylene reducers obtained from root nodules of the plant hosts: Albizzia, Cassia (partridge pea), Baptisia (wild indigo), Crotalaria, Ulex (thornbroom), Indigofera, Lespedeza, Desmodium (Florida beggarweed), Arachis (peanut), Phaseolus, Strophostyles, Stizolobium (velvet bean), Pueraria (kudzu), Vigna (cowpea), Erythrina, and Glycine (soybean). The extent of acetylene reduction varied depending on both the Rhizobium strain and 0 2 tension, suggesting that reduction activity differs according to the cellular organization of individual strains.
according to the cellular organization of individual strains.
Taxonomic approaches to separate rhizobia have included: nutritional and antigenic specificities (20); deoxyribonucleic acid base composition (4); deoxyribonucleic acid homology (9) ; and glutamate and phosphate uptakes by cells (21) . Based on such studies, rhizobia that have been classified fall generally into three groups: (i) Rhizo bium leguminosarum-R. phaseoli-R. trifolii, (ii) R. meliloti, and (iii) R. japonicum-R. lupini. Many other fast-and slow-growing rhizobia, however, await specific designation. The introduction of acetylene reduction as an assay for nitrogen fmation capability (3, 5, 8) and the production of acetylene-reducing enzyme by Rhizobium strains under nonsymbiotic conditions (2, 11, 13, 15, 17, 19) have made possible a rapid survey in an attempt to categorize 272 strains of rhizobia from the NRRL collection.
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MATERIALS AND METHODS

Cultivation of strains.
The lyophilized Rhizobium strains and corresponding record of the L-collection were obtained from L. K. Nakamura (Agricultural Research Service Culture Collection, Peoria, Ill.). The complete list (NRRL numbers L-1 through L-344) includes 29 strains that failed to grow and consequently were discarded over the years. Of the remaining 315 lyophilized strains in the present L-collection, 32 failed to grow on conventional yeast extract-mannitol-soil extract agar (YMS medium 111; 18) and were omitted from this survey. No further attempt was made to ensure purity of each culture, but a small number of cultures were discarded since they yielded more than one distinct type of colony or growth on the various media and were not consistent with the recorded growth rate before lyophilization. A cowpeatype strain, Rhizobiurn sp. 32H1, was generously provided by J. C. Burton (Nitragin Co., Milwaukee, Wis.).
The lyophilized strains were suspended in a small volume of yeast extract-malt extract broth before transfer to YMS slants. After 5 to 20 days of incubation at 25"C, a loopful of culture was transferred to a "preconditioning" liquid medium, adjusted to pH 6.8, which contained per liter: I,-glutamic acid, 1 g; mannitol, 5 g; potassium gluconate, 5 g; KHnP04,l g; yeast extract, 0.5 g; MgS04 . 7H20,0.2 g; CaClz . 2H20, 0.08 g; and Fe-Mo solution, 4 ml. Stock Fe-Mo solution contained 1 mg of Fe and 0.1 mg of Mo metals per ml. The liquid cultures, 10 ml each in a 50-ml Erlenmeyer flask, were incubated aerobically on a rotary shaker (250 rpm) for 3 days at 25°C. All cultures were subsequently incubated for an additional day without shaking, since production of acetylene-reducing en- For quantitative growth determinations, the mass of bacterial growth was gently rubbed off the agar surface to form a saline suspension (10 ml of 0.85% NaCI), centrifuged-washed (5 ml), and suspended in either 2.5 or 5.0 ml of distilled water. After 1 N sodium hydroxide digestion for 1 min in a boiling-water bath, the cellular protein per vial was measured by a colorimetric Lowry method (14) and compared with a nonboiled standard of bovine serum albumin.
Acetylene reduction test. Each strain was cultivated in duplicate vials for 5 days at 28°C. The vials contained 15 mi of gas phase each and were sealed with silicone rubber caps. In contrast to neoprene caps, the silicone rubber caps were found to leak slowly an undetermined amount of air. This leakage presumably gave the proper 0 2 tension (11, 12) required for acetylene-reducing activity. Duplicate cultures were exposed to atmospheres of either air or argon containing 10% acetylene. After 2 and 5 days of exposure to acetylene, 1-ml samples were withdrawn from the culture vials and analyzed by gas chromatography with a hydrogen flame ionization detector. The column (2 mm by 150 cm) of Poropak R polymeric beads was maintained at 65°C (3). Reduction of acetylene to ethylene was determined by the peak height relative to a standard of 50 nmol of ethylene.
RESULTS
Growth of culture on a preconditioning medium. Lyophilized cultures of dormant rhizobia were initially grown on YMS medium at 25OC. Of the 283 strains that grew on YMS, 95 were recorded as "slow growers," requiring 5 days or longer to give visible growth. The slow growth of rhizobia did not correlate noticeably with specific plant hosts. However, a majority (41 strains) of the 69 isolates reducing acetylene were slow growing when cultivated directly from their lyophilized state onto YMS slants.
Eleven of the 283 strains also failed to grow when cultivated aerobically in an enriched preconditioning liquid medium. Consequently, only 272 strains were considered in this taxonomic survey for the presence of acetylene-reducing activity.
Growth leading to enzyme production.
The survey showed that the liquid medium originally used by Keister (6, 11) to cultivate acetylene-reducing Rhizobium strains may be modified to categorize a whole collection rapidly, In addition to the soft-agar surface, the culturaltest condition was further modified by (a) preconditioning growth in an enriched liquid rnedium containing L-glutamate, mannitol, gluconate, and yeast extract and (b) subsequent incubation of stationary cultures in 10% acetylene with either 90% air or argon as the major atmospheric gas phase component. Figure 1 illustrates that the activity of R. japonicum test strain L-259, one of the most active acetylene reducers found in the survey, is similar to that of strain 32H1, isolated from a Crotalaria paulina plant (J. C . Burton) and which has been generally used to study acetylene reduction (6, 11, 13, 15, 17). Strains L-259 and 32H1 each produced up to 275 nmol of ethylene per day per mg of protein. However, total yield of protein ( Fig. 1) indicated that L-259 grew slightly faster than 32Hl on the Casamino Acids-minimal medium. With both strains, acetylene-reducing activity was detectable after a lag period of 0.5 to 1 day after exposure to the acetylene-argon atmosphere.
Plant hosts yielding positive Rhizobium strains. Categorized by a combination of cultural growth and acetylene reduction tests in a Casamino Acids medium; e.g., negative strains grew but did not reduce acetylene, whereas nonpwhg strains failed to grow on the minimal medium.
that gave the largest numbers of positive cultures include: Crotalaria (7 isolates from C. sagittalis, C. juncea, C. alata, C. incana, and C. maxillaris); Indigofera (4 isolates from I. hirsuta); Vigna (3 isolates from cowpea); Phaseolus (7 isolates from P. acutifolius-tepary or moth bean, P. lunatus-lima bean, P. aureus-mung bean); and Glycine (32 isolates from soybean). In contrast, rhizobia isolated from 32 different alfalfa and clover species (Trifolieae tribe) failed to reduce acetylene.
Rhitobium categories reducing acetylene. It is a prerequisite of the test that all of the strains must grow on the Casamino Acidsagar minimal medium. Of the 272 isolates tested, only 202 gave visible growth. Therefore, the overall proportion of positive cultures was 69 of the 202 (Table 2) growing strains, or approximately 34%. R. japonicum isolates, representing 73% of such strains that grew on the minimal medium, reduced acetylene. A relationship to R. japonicum is suggested by the observation that a majority (73%) of the unclassified Rhizobium strains isolated from other plants of the PhaseoZue tribe also reduced acetylene. Similarly, 60% of the remaining category 111 strains isolated from specific plants of the cowpea group (4) reduced acetylene.
Although a majority of category I11 strains reduced acetylene, the diversity in this category indicates a serious limitation of using acetylene reduction by itself as a taxonomic trait. Even so, it is noteworthy that, whereas 73 R. meliloti and R. trifolii strains grew on the Casamino Acids-minimal medium, category I organisms uniformly failed to reduce acetylene.
Since R. leguminosarum and R. phaseoli strains (category 11) grew sparingly or not at all on the minimal medium, their acetylene-reducing capability could not be measured. Other R. leguminosarum strains (NRRL B-509 and B-606) not in the Leonard collection have also failed to grow on the Casamino Acids medium.
Another problem was encountered with R. lupini isolates: only 4 of the original 21 isolates survived the lyophilization-storage procedure and grew in the preconditioning medium. Therefore, the four R. lupini strains listed in Table 2 may not be typical of the species. It is indeed puzzling that R. lupini strains, which are isolated from plants related to Crotalaria, are so different in cultural growth and acetylene reduction from other rhizobia obtained from CrotaZaria. Since a deoxyribonucleic acid and metabolic relationship (4,9, 21) is found with R. japonicum, R. lupini is presumably a category I11 organism.
The data summarized in Table 3 permit an arbitrary designation of two physiological types, INT. J. SYST. BACTERIOL. 
, and L-2261. Two other strains, L-1 and L-10, are not listed above since they were isolated from unusual Acacia and Desmanthus host plants, respectively, and were insufficient in number to be categorized. These strains are listed in Table 1 . The surveyed strains that did not grow on the Casamino Acids minimal medium are: (category Category 111 organisms (strain no.) (physiologiple)
Physiological types are arbitrary groupings of strains grown on Casamino Acids minimal medium.
Atmosphere containing 10% acetylene with either 90% air or argon in 15 ml of gas phase incubated for 5 days. Ethylene formation analyzed by gas chromatography.
i and ii, with respect to the extent of acetylene reduction in either 90% air or argon. Type ii organisms were less sensitive to air when incubated for 5 days but, nevertheless, showed considerably less acetylene reduction in air than in argon during a short, 2-day incubation. The comparison strain 32H1 behaved like a type ii strain when grown on the minimal medium.
DISCUSSION
Seventy of 272
Rhizobium isolates from leguminous root nodules are fastidious, for they failed to grow in the Casamino Acids-minimal medium used to detect acetylene reduction. R. leguminosarum and R. phaseoli appear to be of this category (11, Table 2 ), unable to grow without supplemental nutrients. Since many rhizobia require either biotin, thiamine, or pantothenate (7), these and other nutrient factors that might affect both the growth and acetylene reduction should be reevaluated.
A second category consisting of R. meliloti and R. trifolii (I, Table 2 ) may grow on the Casamino Acids medium but gives no acetylene reduction. These strains are analogous to the traditional Rhizobium strains, which are thought to f i x nitrogen only in the symbiotic state within root nodules.
A third category (111) consists of (a) R. japonicum isolated from soybeans, (b) Rhizobium strains isolated from plants ,of the Phaseoleae tribe, and (c) unclassified Rhizobium of the cowpea group from a wide variety of plants (4). These strains display variable growth characteristics and acetylene reduction (Table 3) . In this category, there are at least two distinct physiological types that differ in acetylene reduction when air or argon is the major atmospheric component.
